A 30-kb region surrounding the replication origin in Caulobacter crescentus was analyzed. Comparison to the genome sequence of another ␣-proteobacterium, Rickettsia prowazekii, revealed a conserved cluster of genes (RP001, hemE, hemH, and RP883) that overlaps the established origin of replication in C. crescentus and the putative origin of replication in R. prowazekii. The genes flanking this cluster differ between these two organisms. We therefore propose that this conserved gene cluster can be used to identify the origin of replication in other ␣-proteobacteria.
Caulobacter crescentus and Rickettsia prowazekii behave very differently despite being members of the ␣-subdivision of the gram-negative proteobacteria group. Unlike the free-living and nonpathogenic C. crescentus, R. prowazekii is an obligate intracellular parasite that causes epidemic louse-borne typhus in humans (14) . Phylogenetic studies indicate that R. prowazekii is the closest living relative to the eukaryotic mitochondrion, thus suggesting that the mitochondrion may have originated from the ancestral group which spawned the ␣-proteobacteria group (2, 21) .
C. crescentus divides asymmetrically to produce two cell types that differ in both their morphological and developmental programs (23) . In the sessile stalked cell, chromosome replication initiates immediately after cell division, whereas in the chemotatic flagellated swarmer cell, replication is repressed until the swarmer cell differentiates into the stalked-cell type (18) . However, R. prowazekii does not have a complex developmental cycle. Instead, the nonflagellated pleomorphic organism divides by binary fission (15) .
The C. crescentus replication origin and the putative origin region of R. prowazekii have been determined by previous studies (2, 17) . C. crescentus is a model organism for replication studies since synchronized populations can be isolated on a density gradient (9) . The C. crescentus replication origin (Cori) was initially identified by in vivo 32 P labeling of the earliest replicating DNA and by autonomous plasmid replication assays (17) . Sequence analysis of Cori suggest both similarities and differences with the Escherichia coli replication origin (oriC). Cori possess elements (AT-rich region, 13-mers, and DnaA boxes) that are similar to those of oriC in E. coli. However, Cori also possesses unique sequence features. For example, five iterons (TTAA-N7-TTAA) identified as binding sites for the response regulator CtrA (cell cycle transcription regulator) are implicated in repressing chromosome replication (25, 28) . A second feature is the hemE (uroporphyrinogen decarboxylase) homolog (17) , whose 5Ј end with its weak pro-moter (Pw) overlaps the essential Cori autonomous replication sequences (18) . A strong transcription promoter (Ps) is located 5Ј to hemE (Fig. 1C ) and overlaps the AT-rich region and CtrA binding sites a and b (Fig. 2B ). This Ps promoter produces transcripts that are poorly translated, and most hemE transcription is directed from the weak promoter (Pw; Fig. 1C and 2B). Interestingly, Ps transcription coincides with DNA replication in stalked cells and may play a role in Cori replication initiation (18) . The organizational differences observed between C. crescentus and E. coli replication origins suggests an alternative class of replication origins in the ␣-subdivision of proteobacteria.
The putative replication origin in R. prowazekii inferred by a switch in GC bias (16) possesses DnaA boxes based on comparison to the E. coli consensus sequence (2); however, the method of initiation or control of replication has not been determined.
This study reports the gene clusters and preliminary analysis of the 30-kb region of earliest replicating DNA in the C. crescentus genome. Based on the identical gene cluster spanning Cori and the R. prowazekii putative replication origin, we propose that this particular gene cluster be utilized to aid in identification and characterization of replication origins in other ␣-proteobacteria.
DNA sequence analysis of the earliest replicating region in C. crescentus. The ϳ30-kb region of earliest replicating DNA was subcloned as seven BamHI fragments (17) ( Fig. 1A) , as well as five PstI fragments and four HindIII fragments in pBluescript II plasmid vectors (Stratagene). Both ends of these subclones were sequenced from minipreps (Qiagen) by using the Sequitherm kit (Epicentre Technologies Inc.) and Queen's University Sequencing Centre (Kingston, Ontario, Canada). These sequences were then matched with preliminary sequence data (contig no. 12574) obtained from The Institute for Genomic Research website (http://www.tigr.org). The matched sequences of the ϳ30-kb region were assembled on the basis of a restriction endonuclease map of Cori Cosmid I (17) and previously described C. crescentus genes listed in Table 1 . Potential open reading frames (ORFs) were determined by using the ORF Finder program at the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov). Sig-nificant homologies (Ն50%) of the ORFs to genes of published proteins were determined by the BLASTX program (1) with the nr database, as represented in Table 2 .
Conserved gene clusters. Our analysis noted three distinct gene clusters ( Fig. 1A ) in the C. crescentus ϳ30-kb region. One spans the replication origin, and the other two flank the Cori region. The two flanking gene clusters have been previously reported to be similar to those in genomes of related organisms (GenBank accession no. AAD40694, AAD40695, and AAD40696) (11, 19) . The first gene cluster is similar to that of Rhizobium meliloti, a member of the ␣-proteobacteria (19) . The reported gene cluster involved the dnaA locus in C. crescentus and R. meliloti and was previously observed to be similar with respect to the neighboring rpsT (ribosomal protein S20) (19) . Further sequence analysis of this dnaA gene locus in C. crescentus had led to the observation of an additional ORF upstream of dnaA which has 70% amino acid homology with the ORF in a similar position in R. meliloti identified as fadB1 (enoyl CoA hydratase) (19) . (Fig. 1D ; Table 2 ). With the addition of fadB1, the gene cluster fadB1-rpsT-dnaA is now identical to the previously established gene cluster in the respective R. meliloti genome (Fig. 1D ). The R. meliloti fadB1 gene, as well as homologs ( Table 2 ) in E. coli (10) and Rhodobacter capsulatus (3), were identified based on homology to the mammalian mitochondrial enoyl-coenzyme A (CoA) hydratase. This suggests that this particular homolog is not necessarily restricted to the higher forms of eukaryotes and may be a carryover from the original ancestral group (2, 21) . Sequence analysis beyond the fadB1-rpsT-dnaA gene cluster revealed no further similarities between the dnaA locus in C. crescentus and R. meliloti. Since R. prowazekii is also a member of the ␣-proteobacteria, it was expected that this gene cluster would be found in the genome. This is not the case, as there is no fadB1 homolog within the R. prowazekii genome ( Table 2) , and in addition, the rpsT and dnaA homologs are not located close to one another, but rather a considerable distance apart (2) . However, there is significant amino acid homology with C. crescentus dnaA and rpsT products (71 and 63%, respectively), as well as with products of other important replication regulatory genes in C. crescentus, E. coli, Pseudomonas aeruginosa, and Rhodobacter sphaeroides (Tables 1 and 2) .
The second gene cluster flanking Cori involves the genes parB-parA-gidB-gidA-thdF ( Fig. 1B ; Table 2 ). The partial gene cluster parB-parA-gidB-gidA has been previously observed in C. crescentus (GenBank accession no. AAD40694, AAD40695, and AAD40696). This gene cluster is identical to that of Pseudomonas putida and similar to that of Bacillus subtilis, both of which are also located near their respective replication origins (11) . The C. crescentus plasmid and/or chromosome partitioning proteins ParA and ParB were identified as homologs to these genes found in P. putida, as well as homologs to the regulators of sporulation and chromosome partitioning identified in B. subtilis, Soj and Spo0J, respectively (20) . Homologs of the E. coli glucose inhibition of division proteins GidA and GidB were also identified in C. crescentus (GenBank accession no. AAD40694, AAD40695, and AAD40696), and the parB-parA-gidB-gidA gene cluster (Fig. 1B) is observed in other eubacteria, such as P. putida (gram negative) and B. subtilis (gram positive) (11) . We observed an ORF in C. crescentus that was previously identified as a homolog to the 50-kDa thiophene/furan oxidation protein ThdF in E. coli, whose gene is situated upstream of the gidA gene. In comparison, this thdF homolog is also located upstream of gidA in P. putida and B. subtilis (GenBank accession no. AAD40694, AAD40695, and AAD40696) (11) . The gene cluster parB-parA-gidB-gidA-thdF in B. subtilis is similar but not identical to those found in P. putida and C. crescentus, as B. subtilis has two additional ORFs between the parBA and gidBA gene sets which have not been identified ( Fig. 1B) (11) . The products of the C. crescentus parB, parA, gidB, and gidA homologs share significant amino acid homology with the products of corresponding genes in R. prowazekii (Table 1) . Surprisingly, the gene cluster parB-parA-gidB-gidA is present in the genome; however, it is located ϳ70 kb away from the putative origin in reverse order. It is thought that the actual gene order is of importance for functionality of the proteins transcribed, but the location of the cluster relative to the replication origin or the orientation of the gene order seems to be irrelevant.
Identical gene cluster spans replication origins in C. crescentus and R. prowazekii. The third gene cluster, which spans the Cori region, is unique, consists of C. crescentus genes as well as homologs to R. prowazekii genes, and is identical to the gene cluster overlapping the uncharacterized putative replication origin in R. prowazekii (Fig. 1C; Table 1 ). Whole-genome sequence analysis of R. prowazekii determined that a homolog of hemE is present and that the 5Ј region may also overlap the putative replication origin. The hemE product has 58% amino acid homology to that of the C. crescentus hemE (Fig. 1C ; Table 1 ), and further analysis of the flanking regions of Cori and the putative R. prowazekii origin revealed striking similarities (Table 1 ; Fig. 2B ). Three additional ORFs demonstrating 60 to 66% amino acid homology were identified and present in the same cluster (Fig. 1C) . A homolog of the R. prowazekii ferrochetase hemH gene (60% amino acid homology) is located downstream of hemE in C. cresecentus. Unknown predicted proteins RP883 and RP001 also share a high degree of amino acid homology (66 and 63%, respectively) with the products of the C. crescentus ORFs. RP883 also shares 63% amino acid homology with an integral membrane protein in R. sphaeroides which may aid in identification of the function of the RP883 protein (12) ( Table 2 ). The function of RP001 has yet to be established but it may possess an ATPase activity (2) . Two known promoters (Ps and Pw) are located within Cori; however, it is not known as of yet whether comparable promoters are present within the R. prowazekii putative origin (Fig. 1C) .
It is proposed that the presence of the identical RP883-hemH-hemE-RP001 gene cluster surrounding Cori and the R. prowazekii putative replication origin supports selection of this region as the R. prowazekii origin. This proposal is supported by the genetic and radiolabel evidence identifying Cori as a replication origin (17, 18) , as well as evidence via Brewer & Fangman two-dimensional DNA gel electrophoresis analysis (5) , which has ascertained bidirectional replication initiation in Cori (A. K. C. Brassinga and G. T. Marczynski, unpublished data). It is also suggested that the RP883-hemH-hemE-RP001 gene cluster can be utilized to aid in identification of replication origins in related members of the ␣-subdivision group of proteobacteria via prediction of the location between hemE and the RP001 gene. 
Molecular analysis of the RP883-hemHE-RP001 gene cluster in C. crescentus.
Inferences from our sequence analysis were confirmed by gene reporter assays. DNA fragments from Cosmid I (17) (Fig. 1A) were subcloned into a broad-host-range lacZ transcription reporter plasmid, pRK2901acZ (18) , were introduced into wild-type C. crescentus strain NA1000, and were assayed for ␤-galactosidase as previously described (18) . Previous analysis of hemE expression indicated that both transcription and translation of hemE are primarily directed by the constitutive Pw transcription promoter (18) . Paradoxically, the cell cycle-regulated Ps transcription promoter contributes relatively little towards hemE expression, presumably due to RNA instability or secondary structure (18) .
The plasmid construct pGM2063 PstI-PstI fragment included most of the proposed hemEH-RP883 operon ( Fig. 2A) , but did not include the Pw and Ps promoters. Below-promoter activity (230 Miller units [MU]) ( Fig. 2A) clearly indicated that no other promoters are present within this region, which strongly supports our proposal of the hemEH-RP883 operon. When promoter activity was assayed in the opposite orientation, pGM2064 demonstrated below-background-level activity (130 MU) ( Fig. 2A) , thereby confirming the assumption that there are no promoters present in the region in the opposite direction relative to Ps and Pw. Construct pGM2741 ( Fig. 2A) included Cori the upstream region flanking Cori, and the Pw promoter. This pGM2741 construct did not include the Ps promoter, as this had been deleted from the fragment. This construct expressed significantly higher activity (2,300 MU) at the hemE 5Ј region ( Fig. 2A) . These results argue that hemE, hemH, and the RP883 gene form an operon transcribed only by the Pw promoter from inside Cori. This is consistent with DNA sequence analysis suggesting translation coupling between these ORFs, since the stop and start codons between hemE and hemH are spaced by 3 nucleotides and no nucleotide spacing is present between the stop and start codons of hemH and RP883.
Promoter activity of the Cori fragment pGM2742 assayed in the opposite direction yielded significant transcription (4,040 MU) at the RP001 gene 5Ј region ( Fig. 2A ). Significant transcription was also observed from pGM2062 BamHI-PstI fragment expressing 5,800 MU in the proper orientation. The increased transcriptional activity indicates the presence of at least one additional promoter, which was designated P3, that may direct RP001 transcription (Fig. 2B) . In order to determine the approximate location of the P3 promoter, two smaller and more specific lacZ constructs were devised (Fig. 2B ). Construct pGM1629, a 250-bp PstI-Bg/II fragment, was utilized as a comparison control since it included only the Pw promoter. In agreement with previous studies (18) , the PstII-Bg/II fragment expressed 3,600 MU (Fig. 2B) , since it contains Pw, but not Ps, and ends inside hemE coding sequences. The second construct, pGM1630 with a 546-bp EcoRI-BamHI fragment, retained transcription activity of 4,000 MU, thus indicating that the approximate location of the RP001 (P3) promoter lies within this 546-bp region (Fig. 2B ). Sequence analysis of the 546-bp region determined that the start codon of the RP001 ORF lies 88 bp inside the fragment from the BamHI site of the 546-bp EcoRI-to-BamHI fragment. Therefore, the location of the P3 promoter is deduced to be within a 458-bp segment of this fragment upstream of the RP001 start codon (Fig. 2B) . These results demonstrate that hemEH-RP883 form an operon and that RP001 is transcribed and translated from the right region of Cori ( Fig. 2A and B) .
To confirm that the RP001 homolog is translated in C. crescentus, we created a RP001::TEM ␤-lactamase protein fusion in the predicted and alternate reading frames (data not shown). The EcoRI-BamHI Cori RP001 fragment (Fig. 2B) was ligated into the pJAMY30, -31, and -32 plasmid vectors (32) , which were originally derived from TEM ␤-lactamase plasmid pJBS633 (6) , and these were likewise introduced into C. crescentus ␤-lactamase-deficient strain CB15N ⌬bla (17) . Of the constructs tested, only the predicted in-frame fusion protein allowed this C. crescentus strain to grow in the presence of ampicillin. Similar protein fusion experiments using HemE and ␤-galactosidase (18) and HemE-TEM ␤-lactamase fusion proteins (32) demonstrated that hemE is actively translated in C. crescentus.
R. prowazekii homologs RP883 and RP001 have been identified in C. crescentus; they comprise part of an identical gene cluster spanning the replication origins in C. crescentus and R. prowazekii. Based on the pRK290lacZ construct assays, it is suggested that RP883-hemH-hemE form a operon and are driven by the Pw promoter. In addition, the pRK290lacZ construct and protein fusion assays support the existence of the ORF identified as an RP001 homolog in C. crescentus. Therefore, the genes flanking Cori are transcribed and translated in C. crescentus and the identical RP883-hemH-hemE-RP001 gene cluster spanning the R. prowazekii putative origin supports the selection of this region as the R. prowazekii origin.
Three distinct gene clusters have been identified in the ϳ30-kb region of earliest replicating DNA in C. crescentus. The parB-parA-gidB-gidA-thdF and fadB1-rpsT-dnaA gene clusters flank the Cori region. The parB-parA-gidB-gidA-thdF gene cluster has been found to be identical to that in P. putida and similar to that in B. subtilis, both of which are located relatively close to their respective origins. As both C. crescentus and P. putida are classified as gram negative, it is not surprising that the gene cluster is identical in both organisms. It is reasonable to assume that since B. subtilis is classified as a gram-positive eubacterium, the parB-parA-gidB-gidA-thdF gene cluster may differ due to evolutionary changes. Also, the parB-parA-gidB-gidA grouping has also been found in R. prowazekii but at a much further distance from the putative origin in reverse order. Evidently, there is a loss of the thdF gene and the parB-parA-gidB-gidA grouping has been relocated, but the gene order is of importance presumably for the transcribed protein functionality.
The fadB1-rpsT-dnaA gene cluster in C. crescentus that was determined is identical to that found in R. meliloti, a member of the ␣-proteobacteria. However, this gene cluster was not determined for R. prowazekii since the fadB1 homolog is not present and the rpsT and dnaA homologs are located separately in the genome. The C. crescentus rpsT and dnaA homologs, as well as other important replication regulatory genes, share significant amino acid homology with those determined for R. prowazekii. However, these genes are not grouped in the gene clusters described above but are dispersed throughout the genome. Interestingly, homologs of the CcrM DNA methyltransferase, which is essential for viability in C. crescentus, R. meliloti and Brucella abortus and is present in other members of the ␣proteobacteria (27, 31) , has not been found in R. prowazekii (2) .
The third gene cluster, RP883-hemH-hemE-RP001, spans the Cori region and is identical to that spanning the R. prowazekii putative region. RP883, hemH, and hemE form an operon that is driven by the Pw promoter in C. crescentus. A third promoter found in Cori, P3, has been determined to direct transcription of the RP001 homolog. This evidence supports the validity of the RP001 homolog in C. crescentus initially identified by sequence comparison. It is proposed that the R. prowazekii putative replication origin be characterized based on the properties of Cori. R. prowazekii and C. crescentus have retained identical gene clusters around the replication origin. Two gene clusters flanking Cori have not been retained in R. prowazekii, although the individual replication regulatory genes have been retained and presumably deemed essential. The AT-rich R. prowazekii genome is a third of the size of the GC-rich C. crescentus genome, yet they share significant homology in the gene cluster in and around the replication origin. The substantial difference between the two genomes clearly indicates retained essential genetic information for survival and, in the case of R. prowazekii, deleterious mutations of expendable genes. Therefore, we argue that the retained gene cluster spanning the replication origins of C. crescentus and R. prowazekii has functional significance and enhances its predictive value for locating chromosome replication origins in related members of the ␣-proteobacteria.
